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Die neuesten Fortschritte in der Nanotechnologie machen es möglich, verborgene Schätze im 
Bereich der Pflanzen in einer neuen Perspektive zu erforschen. Nanosizing Techniken wie „High Speed 
Stirring“ und „High Pressure Homogenization“ helfen nicht nur, die aktiven Inhaltsstoffe aus den 
pflanzlichen Membranen herauszulösen - sie erhöhen auch die Bioverfügbarkeit der wasserunlöslichen 
aktiven Wirkstoffe der Pflanzen.  
Diese Thesis erforscht die Möglichkeiten, Nanosizing zur effektiven Konvertierung von 
Pflanzenrohstoffen als Nanomaterial für geeignete Anwendungen im Bereich der 
Lebensmitteltechnologie, der Kosmetik, der Landwirtschaft und in der Medizin nutzbar zu gestalten. 
Basierend auf diesem Ziel wurden vergleichende Toxizitätsversuche von Nanonizierten Pterocarpus 
erinaceus, Solanum incanum, Cynomorium coccineum und ihren Extrakten gegen Mikroorganismen 
getestet, um die Vorteile und Herausforderungen des Nanosizing gegenüber den Extraktionsmethoden 
zu verstehen. In gleicherweise waren die biologischen Auswirkungen von Nanonizierten 
Pflanzenabfälle hilfreich, um ihr Potential in der Abfallverwertung aufzudecken. Zusätzlich wurde die 
Haltbarkeit des Nanomaterials durch die NaLyRe Sequenz, welche eine Gefriertrocknung in 
Verbindung mit Nanosizing benutzt, verbessert. 
Schlussendlich eröffnet das Nanosizing von Pflanzen und deren Abfälle, u.a. als NaLyRe 
Sequenz, eine neue Möglichkeit für solche, die wasserunlöslichen Stoffe enthalten, um diese in Form 








Recent advances in Nanotechnology make it possible to study the hidden treasures within plants 
from a new perspective. The Nanosizing techniques of High Speed Stirring and High Pressure 
Homogenization not only help in the release of the active ingredients contained within the plant 
membranes, but also render insoluble active material more bioavailable. 
This thesis probes the utilization of Nanosizing techniques to effectively convert raw plant 
material into nanomaterial, suitable for applications in the arena of nutrition, cosmetics, agriculture and 
medicine. In this context, comparative investigations of the toxicity of nanosized Pterocarpus erinaceus, 
Solanum incanum, Cynomorium coccineum and their respective extracts against microorganisms were 
beneficial in understanding the advantages and challenges of employing Nanosizing vs extraction 
technologies. Similarly, the biological impact of Nanosizing waste-plant materials (such as brewed 
coffee, grape seeds, walnut shells and tomato stems) helped uncover its potential in waste management. 
In addition, the nanomaterial was refined for long-term stability by means of the Nanosizing, 
Lyophilization and Resuspension (NaLyRe) sequence, which involves lyophilization in conjunction 
with Nanosizing techniques.  
Ultimately, Nanosizing plant material or their waste, especially as part of the NaLyRe sequence, 
provides new possibilities for insoluble compounds within such materials as green natural alternatives 
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Nanotechnology, first introduced in the early 1960s, has evolved rapidly and extensively in the 
recent years. Six decades down the road, the term “Nanotechnology” has a quite different meaning in 
our daily lives as envisioned by one of its pioneers, Norio Taniguchi [1,2]. Today, this term can be 
encountered in cosmetics (e.g., titanium dioxide, silicon dioxide), on the labels of beverages and in the 
PM2.5 fraction in the exhaust fumes of cars and volcanoes. Therefore, it is appropriate to consider 
nanotechnology as a field inspired by nature [3-7]. 
Nature seen as a nanotechnologist comes forth with a range of exciting examples and techniques 
of transforming ordinary substances into nanomaterials. In volcanoes, combustion, for instance, is one 
natural nanosizing technique resulting in carbon nanotubes. Another example of physical processes 
commonly observed is abrasion, which is essentially nature grinding down large solid aggregates into 
fine particles. Other examples range from calcium sulfate and silicate particles in mineral springs to the 
anthropogenic impact in marine environment of turning macro plastics into micro or nano-plastics. From 
such examples one can conclude that nature’s nanotechnology could be harmful for humans – giving 
rise to research into Nano-toxicological studies [8-13]. 
Besides these common natural nanotechnological processes there are some chemical ones, such 
as the oxidation of hydrogen sulfide gas (H2S) and of hydrogen sulfide ions (HS-) in mineral springs. As 
seen in the famous Elisenbrunnen in Aachen, the sulfide present in the spring’s water is oxidized to 
element sulfur particles, which more often than not, precipitate and form deposits and thus, are available 
in large quantities. Their quality, nonetheless is poor and may contain contaminants. Yet they provide a 
sustainable source of nanomaterials which can be harvested and employed in agriculture. HS- or H2S 
can also chemically reduce selenite (SeO32-) and sulfur which are abundantly present in mineral wells. 
Once oxidised, they could be transformed into a variety of selenium, sulfur and selenosulfur 
nanoparticles. These selenosulfur compounds, for instance, are added widely to shampoos for their 
pronounced anti-dandruff effect [14-17]. 
Whilst naturally occurring nanomaterials are interesting to discover, and indeed can be purified 
for better applications, there also exist nanoparticles of natural products which occur naturally. In order 
to accomplish this task, biological cells are involved. These being typically small, ranging from 100 nm 
for a virus cell to 50 µm for a plant cell, come across material in the nano range quite often [18,19]. 
Biological entities typically do not prefer a solid deposit as that may trigger apoptosis. Therefore, if cells 
(e.g., bacteria like Thiobacillus) are exposed to inorganic salts (e.g., S2-, Au3+), they tend to modify them 
by either an oxidative or a reductive pathway which unwillingly produces elemental nanoparticles 
[20,21]. Exposures like these are well studied in recent years and commonly referred to as 
biotransformations which produce particles of uniform size and good quality. This provokes a particular 
interest in the environmental sciences in terms of bioremediation and decontamination of toxic soils. By 
the state of the art approach known as nanobioremediation (NBR), pollutants are removed from a certain 
environment through nanotechnological processes by employing various microbes, plants and isolated 
enzymes [22,23].  
Prof. Jacob’s research group offers an example of particular importance on the generation of 
nanoparticles by exploiting microorganisms. Here, Staphylococcus carnosus was employed to reduce 
SeO32- into selenium nanoparticles of around 80 nm in diameter [24]. The value of such approach stems 
from the notion that the generation of good quality nanomaterials by utilizing easily available bacteria 
is of much ecological and economical potential. Since the generation of solid particles places cells under 
stress resulting in apoptosis, harmful bacteria could be neutralized whilst generating nanoparticles which 
themselves can possess further antimicrobial activities. This double prospect of benefits adds up to a hat 





one could simultaneously annihilate pathogens, provide plants with nanomaterial to further defend them, 
and also enrich the soil with elemental selenium. As with all good things there is also a side-effect 
associated with such nanoparticles; the nanomaterial formed is not chemically pure and includes a 
protein coating representative of the biological source of its generation. Therefore, the final toxicity of 
these materials against microbes could be a mixture of the element itself and of the protein coating [24-
26]. Whilst the presence of the coatings does provide additional stability to the nanoparticles, further 
studies are required to uncover the true mechanism of action of such nanoparticles.  
A third avenue bringing nanotechnology and nature together could be visited by the direct 
production of nanomaterial out of natural products. Here, the techniques employed are inspired by the 
ones commonly found in nature (weathering, abrasion, etc.), yet technologically modified for 
optimization. The milling down of plant materials, which under normal conditions would be insoluble, 
results in nanosized materials which can be readily employed in a wide range of applications. In recent 
years, this approach has helped convert moderately soluble antioxidants directly isolated from plants, 
into nanocrystals with enhanced physicochemical properties. Products of this supreme technology are 
already on the market, while others show promise in laboratory experiments e.g., danazol, celecoxib, 
meloxicam, nifedipine etc. [27-32] It is, therefore, paramount to understand the science underlying such 
approaches. This will be explored briefly in the following sections. 
 
1. Basic concepts of Nanosizing 
 
Nanosizing or nanonizing adheres to the so-called top-down technique for the formation of 
nanoparticles. In a layman’s terms, it improves the biological activity of otherwise poorly water-soluble 
active compounds by reducing their particle size. Bioavailability has been a major hurdle in the drug 
development process for years, rendering the pursuit of high-bioavailable drugs costly and difficult to 
acquire. For most of these drugs, whether administered through the tropical, pulmonary or 
gastrointestinal route, the setbacks lie in their solubility and absorption [10,33]. Since the introduction 
of the concept of size reduction in the 90s, however, a new era has emerged focussing now on improving 
the effectiveness of drugs discovered by favourably altering their solubility to attain higher availability 
on the cellular level.  
Whilst still heavily depending on the solubility and other physiochemical properties of the drug 
itself, absorption across biological membranes is also influenced by the physiological conditions of that 
particular absorption site. The diffusion mechanisms of the body require that the drug molecule be 
soluble in the local media -mostly water - for an effective transfer across the membranes. Size reduction 
is one approach which improve the solubility and dissolution rate of the drug to increase its in vivo 








― (Noyes-Whitney Equation) 
where dc / dt is the rate of dissolution, D the diffusion coefficient, A the total surface area of the 
particles, cs the saturation solubility of the active ingredient, c0 the concentration of dissolved 
active ingredient in the solvent and h the diffusion distance. 
Nanosizing increases the total surface area of the coarse material, which in turn increases the 
dissolution rate dc / dt [35,36]. The consequences of this advantageous surge can be further explained 












― (Kelvin Equation) 
where p / p0 is the change in dissolution pressure, γ the surface tension, Mr the molecular weight 
of the particle, r the radius of the solid particle, R the gas constant, ρ the density and T the 
temperature. 
 




― (Prandtl Equation) 
where hH the thickness of the hydrodynamic diffusion layer, k the constant, L the length of the 
particle surface in the direction of the flow and V the relative velocity of the flowing liquid 
surrounding the respective particles. 
Firstly, interpreting the Kelvin equation suggests an increased solubility upon size reduction and 
thereby, higher dissolution pressure at the absorption site [37]. Secondly, the decrease in the diffusional 
distance is well clarified by the Prandtl equation [38]. Thus, the overall velocity of dissolution, as well 
as the saturation solubility are both enhanced and improved. Hence, and when compared to coarse 
materials, the gain in solubility of nanosized products results in a higher concentration gradient. The 
concentration gradient, as hinted earlier, is a driving force behind the uptake of active ingredients via 
passive diffusion at any absorption site. The higher the concentration gradient is, the more efficient the 
uptake. Conspicuously, one can simply deduce that the smaller the particle size is, the faster it will pass 
across membranes, and accordingly the more bioavailable a drug will be [32,39-42]. 
A higher dissolution rate is only one advantage of Nanosizing, as this technique also boosts 
particles’ adherence to surfaces. The large surface area of nanoparticles provides more points of 
attachment per volume. Thus, no extra effort is required to stick them onto surfaces. A common example 
from everyday life is cake frosting, where icing sugar is used instead of table sugar [35,43]. To 
summarize, Nanosizing renders a drug molecule more vigorously adherent to surfaces and shortens the 
time required for across membrane penetration, and therefore enhances the bioavailability of active 
pharmaceutical moieties. The next section will focus on an overview into the different Nanosizing 
techniques utilized as part of this work. 
 
2. Techniques involved in Nanosizing 
 
Mechanical size reduction is one approach available today for top down production of 
nanoparticles. In the course of this thesis, this approach was achieved either through Bead Milling (BM), 
High Speed Stirring (HSS), High Pressure Homogenization (HPH) or a combination of them. 
BM, also referred to in the literature as, “Pearl milling”, involves interactions between beads 
and the coarse material in a confined chamber under high speeds [44]. Beads commonly used are made 
out of glass, zirconium oxide, ceramic or stainless steel. Within the milling chamber, the beads inflict 
friction and impact the coarse material through shearing forces resulting from bead to wall and bead to 
bead collusions. The size reduction depends on and can be controlled by the size of the beads and 
revolutions per minute (rpm) of the milling chamber [45,46]. This physical nanosizing approach has its 





for example, is one BM advantage not offered by any other approach. Scaling up of BM, however, can 
be problematic as two third of the chamber volume has to be occupied by the beads and with larger 
volumes the weight of the machinery increases drastically. One other major critique of this method is 
the contamination resulting from the deterioration of the collided beads. A general rule in this context 
is that the beads employed need to be harder than the material being milled. Moreover, separating the 
processed sample and the beads is time consuming and considered a disadvantage usually tackled by 
adequate sieving. Developing improved machines to overcome such problems and produce 
nanoparticles of higher quality is being scrutinized. A BM involving planetary movements, for instance,  
inserts centrifugal and coriolis forces, in addition to the gravitational force, into the size reduction mix, 
rendering better ‘nano-outcomes’ [47]. Recent studies involving Ibuprofen and BM (with ceramic beads 
and 1,400 rpm) were successful in achieving particles having 2.5 percent the size of the original sample 
[48]. Other researchers have employed this technique to improve the oral bioavailability of 
Ketoconazole and Candesartan [49,50]. 
HSS, an industrial approach to nanosizing, revolves around processing of dispersing solids in a 
medium. One of the frequently employed mixer designs is represented by rotor-stator style mixers. 
These mixers have been employed to generate nanoemulsions and nanoparticles [51,52]. Rotor-stator 
HSS generates a vacuum when the rotor is spinning around the stator at speeds ranging between 10,000 
and 30,000 rpm. This vacuum sucks in the sample suspension through the stationary stator slots, where 
it will be subjected to hydraulic and mechanical shear, as well as, radial and tangential forces. Due to 
the applied resistance of the stator slots, the suspended particles are torn apart and their particle size is 
reduced dramatically [53-55]. Although the rotor-stator HSS has been exploited to produce nanomaterial 
on its own, yet for the sake of homogeneity during Nanosizing, further processing with HPH is usually 
required.  
HPH is a cutting-edge, recently introduced technique in nanotechnology, which has a 
tremendous impact on the production of nanoparticles.  It revolutionized mechanical nanosizing 
because, in addition to the traditional utilization of shear forces, it made use of a phenomenon known as 
cavitation. In this context, the so-called Piston gap homogenizers serve as good practical example 
[34,40]. The cylinder of such homogenizer, 3 cm in case LAB 40 Homogenizer, is filled with liquid 
dispersions (suspensions or emulsions), which are then forced to pass through a narrow gap of 5-25 µm 
in diameter at a high velocity and pressure. The sudden changes in diameter impacts on the particles of 
the suspension twice. First, inside the homogenizer’s gap the dynamic pressure increases whereas the 
static pressure falls, equalizing the vapour pressure of the liquid to the static pressure inside the gap. As 
a result, the liquid boils forming air bubbles. Secondly, due to the passage through the gap, the diameter 
of the particles and the surrounding pressure both change again leading to the implosion of the formed 
air bubbles. With the air bubbles imploding, the particles are cavitated at the weak points in the particle’s 
structure (imperfections) resulting in size reduction. Subsequent application of more pressure or 
homogenizing cycles will lead to smaller particle sizes, as well as a decrease in the weak points as the 
particles become progressively perfect [56,57]. Eventually, an equilibrium is reached between the 
applied pressure and the interaction forces of the particles. Any further homogenizing cycle will not 
reduce the particle size unless of course the pressure is increased. The literature shows, however, that 
there does not exist a linear relationship between size and applied pressure. It shows also that the nature 
of the particles plays an important role because the imperfections in the particle’s structure limit their 
size reduction under a given pressure. Further homogenization cycles at this stage are, nonetheless, 
helpful as they aid in decreasing the polydispersity of the nanosuspension [32,58]. There have been 
many  studies where HPH has been employed as a  sole method for nanoparticle production of rutin, 
hesperetin, and curcumin among others, or in combination with HSS, e.g. solid lipid nanoparticles of 






3. Particle characterization associated with Nanosizing 
 
Any procedure involved in scientific research requires a proper method of control to assess its 
advantages, as well as its limitations which, in nanosizing, are determined by the characteristics of its 
final product. The particle characterization is performed to investigate the particle size, polydispersity, 
shape, charge and stability of the nanosized particles. To obtain comprehensive and precise information, 
three different characterization techniques are employed: Photon Correlation Spectroscopy (PCS), Laser 
Diffraction (LD) and Light Microscopy (LM).  
PCS, or dynamic light scattering analysis, is one of the most commonly used characterization 
method of nanoparticles. A main advantage for incorporating this technique is the efficient measurement 
of the sub-micron particles [65]. The basic principle lies in the detection of the scattered laser beam as 
it falls on the diffusing particles in a low viscosity dispersion medium. The fluctuations of the signals 
form a correlation function, which is interpreted as diffusion coefficient of the particles. The Strokes-
Einstein equation is then applied to calculate the mean of the particle size (hydrodynamic diameter) 
from the diffusion coefficient. Additionally, the size distribution is also measured as a polydispersity 
index (PDI). This provides information regarding the range of particle sizes in a particular 
nanosuspension, where a value between 0.1 and 0.7 indicates a narrow range/distribution, while above 
0.7 a broad one [66]. The size range, which can be measured using PCS, is between 3 nm and 3 µm, yet 
the upper limit variable depends on the density of the particles suspended in the dispersion medium. To 
obtain ideal PCS measurements, it is critical that the suspended particles only endure the Brownian 
motion which is then measured as the diffusion velocity. In dense suspensions, however, particles 
undergo sedimentation in addition to the Brownian motion and the diffusion velocity is then determined 
by the resultant of these two phenomenon [67,68]. Here, the densely packed small particles are treated 
as larger particles. Moreover, the size of larger particles present in the suspension increases the scattering 
intensity, resulting in a z-average not being a true representative of the entire sample. For this reason, 
PCS is optimal for collecting information about the size of small particles in diluted suspensions, where, 
theoretically, only Brownian motion exists. Both z-average and PI are usually measured over time to 
determine the crystal growth, for example, by Oswald ripening, or aggregations. Evaluating the crystal 
growth provides reliable data on the stability of the nanosized suspension [69,70]. Another related 
parameter which provides deeper insights into the charge and stability of the nanoparticles is the Zeta-
Potential (ZP). The ZP, or the electrokinetic potential, is a measure for the effective surface charge on 
nanoparticles in suspension. It corresponds to the potential between the electric double layer of particles 
under an electric field and the dispersion medium. The electrical flow through the diluted 
nanosuspension, while using the same PCS instrument, induces electrophoretic mobility among charged 
particles. The Helmholtz-Smoluchowki equation can then be employed to convert electrophoretic 
mobility into ZP values. A low ZP value  of an electrostatically stabilized particle suggests that the 
nanosuspension will aggregate and destabilize much faster than the one which has a higher ZP (ideally 
± 30) [71-73]. 
In the case of nanosuspensions, it is sometimes crucial to include a secondary characterization 
technique, such as Laser Diffraction. LD, or static light scattering analysis, has gained its popularity in 
the last decade due to recent improvements and has broadened its spectrum of use from research 
laboratories to quality control in large-scale production lines [74-76]. This acceptance is on the grounds 
that LD is user friendly, time saving and able to characterize samples with broad ranges of sizes. Since 
the characterization results are presented as volume percentage concentrations of the nanomaterial in 
the dispersion system, it is possible to evaluate the efficacy of the production process by comparing the 
results at different Nanosizing stages. Principally, a particle under a laser beam will diffract light at a 
certain angle and intensity depending on its size; the smaller the size, the greater the angle of the 
scattered light. This size calculation requires the use of the Frauenhofer approximation to enable LD 





laser beam (633 nm for He-Ne laser) [77]. For the analysis of particles below 6 µm, however, LD follows 
the light scattering theory of Gustav Mie, which requires a proper knowledge of the particles’ optical 
properties i.e., imaginary and real refractive indices. The estimation of these properties is, nonetheless, 
difficult because both the Frauenhofer approximation and the Mie theory treat particles as being 
spherical. The latter fact constructs the main drawback of this technique limiting its employment for 
optimal particle characterisation [78-80]. 
The two characterization techniques described until now analyse the particles digitally. For this 
reason, it is difficult to visualize the nanomaterial produced optically. Optical imaging of nanoparticles 
using LM is the simplest and most available technique in any related area of research. Microscopy in 
particle analysis focuses on assessing texture, shape and size. It assists in identifying problems with 
surfactant used commonly in nanosuspension, as the possible development of agglomerates can literally 
be seen after each cycle of homogenization. Unlike LD, particles of non-spherical character can properly 
be characterized which provides a versatile edge. The imaging potential of LM is limited, however, and 
the main reason lays in its light source. Therefore, particles of about 300 nm or above can be observed 
readily, whilst in the case of smaller particles generally electron microscopy is recommended. Scanning 
electron microscopy, for instance, can be employed to visualize particles as small as 10 nm in size 
[81,82]. In short, the three characterization techniques in conjunction with one another, provide detailed 
information regarding the physical properties of the nanosized materials and can, hence, benefit in 
understanding their corresponding activities in biological systems. 
 
Nanosizing natural products 
 
Nature has always served humans as a fertile source of inspiration in improving their lives. The 
matter of survival against diseases and illnesses is an ongoing battle, where nature has generously and 
constantly equipped humanity with the necessary medical armaments. Chief among these survival kits 
are plants. Being a renewable and green natural asset, plants provide a multitude of pharmaceutically 
and nutritionally relevant compounds, generally more cost-effective than synthetic active ingredients 
[83,84]. Classically, a variety of sophisticated and often expensive technologies are incorporated for the 
isolation of these beneficial compounds. Moreover, a strong financial and scientific infrastructure is 
required to adequately test and formulate the isolated compounds into suitable dosage forms [85]. Such 
demands are, unfortunately, seldom available in the developing parts of the world, where many 
advantageous plants grow abundantly. It is therefore logical to focus future research on alternatives that 
are: a) easily available and accessible in a cost efficient manner and, b) competently capable of 
uncovering and exploring the hidden treasures of plants. In this context, it seems that Nanosizing can 
bestow a valuable approach in the pursue of feasible alternatives. 
In order to experimentally assess both the advantages and challenges of Nanosizing, plant 
candidates were selected on the basis that they are known to contain biologically active compounds, not 
exotic as not to endanger their existence, and native to a developing country. Solanum incanum L., for 
instance, is found in northern Africa and known for its antimicrobial activity, especially in the 
agricultural arena [86]. In addition to the latter small weed, a commonly available tree from west Africa, 
Pterocarpus erinaceus Poir, was selected. Various parts of this tree have been used traditionally to cure 
minor ailments and fungal infections [87]. Both plants, however, have not been explored extensively for 
their practical applications and thereby present an excellent opportunity to be studied under the novel 
Nanosizing approach.  
The investigation of the African plants revealed that their characteristics can play a vital role in 
the final particle size achieved, as well as the application possibilities. A subsequent investigation was 





The composition of the parasitic plant is intriguing; an apparent lack of chlorophyll renders it dry and 
brittle. Furthermore, the inclusion of polyphenols and anthocyanins among other compounds enables C. 
coccineum to be utilized as antioxidant, antiemetic and antihypertensive [88-90]. The properties of this 
edible mushroom makes the plant a prime candidate in the Nanosizing exploration of entire plants and 
even comparable to the fruits and barks of the African candidates. 
Human interactions with the plant kingdom are not limited to finding cures against diseases, 
rather they are primarily based on acquiring food for sustenance. Over centuries this acquisition has 
taken a more refined and industrialized prospect, which created the possibility for billions of human 
beings around the world to obtain nourishment either directly or indirectly through plant products [91]. 
This modern food processing, however, has its dark side. The amount of simultaneously produced waste 
for instance, projects a substantial ecological and environmental burden. Grape seeds, tomato stems, 
walnut shells and spend coffee ground represent good examples of such home-made kitchen waste. 
Unfortunately, this readily available waste, still rich in antioxidants and polyphenols, finds less 
alternative utilities and is often discarded into the environment [92,93]. The conventional applications, 
for instance as fertilizers, in vermicomposting or in coffee shampoos, do not fully exploit their potential 
and they require suitable additional processing [94-96]. Interestingly, Nanosizing of crude plants opens 
a door of possibilities to examine these abundantly generated waste materials under a new light. 
The production of nanomaterial was subsequently followed by investigations in singular or 
multiple microbial systems including the Gram negative bacterium, i.e., Escherichia coli, the Gram 
positive bacterium, i.e., Staphylococcus carnosus, the Yeasts, i.e., Saccharomyces cerevisiae and 
Candida albicans and a multicellular nematode, i.e., Steinernema feltiae. These biological investigations 
served as a direct comparison between the activities of the extracts and nanosized particles of the 
previously mentioned plants. Carrying out these tests was also important to judge the feasibility of 
application of the nanosized waste. The suspensions of the nanosized materials, raised concern regarding 
the practicality of usage and stability. This liquid formulation requires special handling and storage 
conditions, thus limiting its transportation and application over extended periods. To tackle the stability 
issue, a number of studies were conducted focusing on the conversion of these nanosuspensions into a 
solid form. This led to a procedural sequence of Nanosizing, Lyophilization and Resuspension 
(NaLyRe). This sequence facilitated the attainment of nanosuspensions on demand with properties of 
the original suspension. Elemental Sulfur (S), Selenium (Se) and Tellurium (Te) were selected as test 
candidates for such studies. Organic compounds of these elements have shown antimicrobial and 
anticancer activities [97-99]. Interestingly, the similar chalcogen-chalcogen bonds responsible for their 
activities can also be found in the elemental forms of S, Se and Te [100]. Although they convey potential 
advantageous activities, the insoluble nature of these elemental forms render their many practical 






AIMS OF THE THESIS 
 
The research conducted within the framework of this thesis tends to exploit the modern 
advancements in nanotechnology to uncover the potential applications of plant parts or plant-based 
green by-products, towards finding alternatives, for instance, against less aggressive pathogens in the 
field of medicine, natural product-based nutrition, cosmetics and eco-friendly agriculture. 
 
This encompassing objective was accomplished by the following research aims: 
 
 Employment of Nanosizing techniques to mill down crude plant materials. 
 Impact of Nanosizing techniques on chlorophyll-free plants. 
 Application of Nanosizing techniques towards waste management. 







In this section the four publications which are part of this work will be attached. 
 
1. Publication A 
 
Turning waste into value: Nanosized natural plant materials of Solanum incanum L. and 
Pterocarpus erinaceus Poir with promising antimicrobial activities. 
 
Sharoon Griffin, Nassifatou Koko Tittikpina, Adel Al-marby, Reem Alkhayer, Polina 
Denezhkin, Karolina Witek, Koffi Apeti Gbogbo, Komlan Batawila, Raphaël Emmanuel Duval, 
Muhammad Jawad Nasim, Nasser A. Awadh-Ali, Gilbert Kirsch, Patrick Chaimbault, Karl-
Herbert Schäfer, Cornelia M. Keck, Jadwiga Handzlik and Claus Jacob 
 






2. Publication B 
 
Nanosizing Cynomorium: Thumbs up for potential antifungal applications. 
 
Sharoon Griffin, Reem Alkhayer, Seda Mirzoyan, Astghik Turabyan, Paolo Zucca, Muhammad 
Sarfraz, Muhammad Jawad Nasim, Armen Trchounian, Antonio Rescigno, Cornelia, M. Keck 
and Claus Jacob 
 






3. Publication C 
 
No time to waste organic waste: Nanosizing converts remains of food processing into refined 
materials. 
 
Sharoon Griffin, Muhammad Sarfraz, Verda Farida, Muhammad Jawad Nasim, Azubuike P. 
Ebokaiwe, Cornelia M. Keck and Claus Jacob 
 







4. Publication D 
 
Resuspendable powders of lyophilized chalcogen particles with activity against 
microorganisms. 
 
Sharoon Griffin, Muhammad Sarfraz, Steffen F. Hartmann, Shashank Reddy Pinnapireddy, 
Muhammad Jawad Nasim, Udo Bakowsky, Cornelia M. Keck and Claus Jacob 
 








In essence, the studies conducted as part of this thesis support the concept of top down 
Nanosizing of natural products. On the one side, the results point out the benefits of utilizing such 
nanosized materials, together with the NaLyRe sequence, against common pathogens and shed some 
light on their promising applications in the fields of medicine and agriculture. On the other side, the 
results also reveal the limitations and the room for improvement in these techniques, especially when 
the ultimate objective is a product with optimal stability and biological activity. The highlights and 
challenges of nanosizing plant materials in view of these studies will now be discussed in more detail. 
 
1. Optimizing the nanosizing techniques for plant parts 
 
The introductory study and the results gathered thereof were essential in providing a scientific 
first view into the homogenization of crude material. The powders of plants, S. incanum and P. 
erinaceus, served as the model materials for the nanosizing technique and the evaluation of their 
activities against bacterial pathogens and nematodes pinpointed its advantages. 
The results associated with the nanosizing technique indicated certain limitations related to the 
handling and storage of the nano-products. The methods of BM, HSS and HPH, however, were feasible 
to process the plant parts rapidly, in order to test their activities in biological systems. Once milled, the 
sizes and shapes of particles achieved from the fruits of S. incanum and barks of P. erinaceus were 
considered adequate for the bioassays. Nonetheless, the Nanosizing procedures may still require 
refinement to improve the physical features of the nanosized particles. Further improvements or 
adjustments in the technique should focus on enhancing the stability of the nanosuspensions, for 
instance, by incorporating more appropriate surfactants whether employed individually or in 
combination. Likewise, the inclusion of further nanonization methods could be worth considering in 
future studies. ART-Crystal, for example, is a new and successful approach to produce nanoparticles 
utilizing both lower pressure and fewer cycles. The integration of such cutting-edge technologies could 
be worth exploring, yet they might also increase the financial burden of production, which is 
counterproductive to the objective of the current study i.e., finding cost-effective methods for developing 
countries. Therefore, any future enhancements of the Nanosizing technique need take into account the 
economical factor, while still attempt to refine the particles in terms of quality and stability. 
Although the actual quantitative release of compounds was unclear, the antimicrobial assay 
exhibited toxicity after exposure to the nanosized suspensions. This crucial information could be 
necessary to understand ‘nanoparticle-mediated toxicity’, the pathways responsible for this toxicity, and 
also concerns of nano-safety. One possible explanation, after analysing the initial results, is that the 
particles might act as delivery systems of pharmacologically active compounds, e.g. carpesterol, 
incanumine, lupeol and epicatechin [101,102]. Cellular interactions between the particles and cell 
membranes or in case of nematodes the blockage of pores, might also be worth focusing on in later 
investigations. 
Undoubtedly, the nanosizing approach in this study elucidated, to some extent, the toxicity of 
the chemical constituents stored within the various parts of the plants. Yet the effectiveness and 
feasibility of the approach still depended heavily on the characteristics of the plants themselves. These 
include, but are not limited to, the fibrous and fat content. Furthermore, the investigations of bioactivity 
for the nanosized material of the barks of P. erinaceus and the fruits of S. incanum showed similarities 





the plants and also for the Nanosizing techniques. The antibacterial activity observed for P. erinaceus 
can be favourable against minor topical or gastrointestinal infections, whilst the nematicidal activity of 
S. incanum could be useful in an agricultural context. 
The preliminary investigation helped in understanding the simplicity of homogenization of 
different plant parts and the chosen model plants have provided essential insights for future employment. 
Here, common and indigenously found plants, especially from the developing countries, could now be 
selected. Medicinal plants from Togo, such as Nauclea latifolia and Ocimum gratissimum, with known 
anti-parasitic activity shine as promising candidates ultimately providing cheap alternatives for an 
economically strained population [103]. One may also consider parasitic plants which lack chlorophyll 
and other degrading compounds, yet in some cases include biologically active ingredients, e.g. 
Cynomorium coccineum [104]. 
Further exploration of the techniques’ readiness will definitely be essential in comprehending if 
they can be a viable substitute of the extensive extraction processes of crude plants’ potentials towards 
agricultural or medicinal applications. In addition, these studies will need to focus on the release of 
bioactive ingredients and the mechanisms of their particular biological action. The Nanosizing 
techniques investigated, nonetheless, emerge as a straightforward process encompassing the 
conventional extraction procedures and providing efficient formulation of natural products. 
 
2. Nanosizing chlorophyll-free plants 
 
The second part of this thesis focused on homogenizing entire plants, in particular the 
chlorophyll-lacking medicinal plant Cynomorium coccineum L. The procedures produced crude 
biologically active nanomaterial, which avoided lengthy and drastic solvent extraction and purification 
methods. The nanomaterial could be applied directly to bestow comparative bioactivity on the extracts 
obtained through conventional procedures. The observations and challenges, pertaining this study will 
now be discussed briefly. 
Here, the notion that the brittleness of the material renders it more suitable for homogenization 
is demonstrated for different plant parts. In this context, the fibrous content has its impact on the 
Nanosizing process. Cynomorium, for instance, being devoid from chlorophyll is brittle and thus, more 
amenable to Nanosizing. The outer layer of the plant is hard, which poses less of a challenge when 
Nanosized as compared to fibrous leaves and fruits of other plants. In these plants, roots and barks could 
be more suitable for homogenizing, where the high pressures help obtain particles of uniform size and 
shape. 
The biological activities of the nanosuspensions produced showed the beneficial potential of 
employing Nanosizing techniques for medicinal plants. The nanomaterial, especially the one obtained 
from the outer layer of Cynomorium, depicted superior toxicity against C. albicans when compared to 
other plant-based nanomaterial from P. erinaceus and S. incanum or that from elemental chalcogens, 
such as sulfur, selenium and tellurium [14,24,105]. 
Furthermore, the toxicity profile of the Cynomorium nanosuspensions against the 
microorganisms is comparable to the extracts of different parts of the same plant and in some cases even 
better. These findings are particularly intriguing, since extracts are usually considered more effective. 
They contain a concentrated proportion of the active molecules which are rapidly and entirely 
bioavailable to produce their respective effect. In comparison, nanosized particles are regarded inferior 
as they involve insoluble material. The results can be interpreted in two ways. Either the particles tend 





the fungal interaction with the particles results in the release of toxic material. In any case, the 
nanosuspensions produced improved toxicity compared to the extracts. 
The exciting activities established by employing nansized Cynomorium particles on fungal cells 
have asked the question of whether different parts of the plant have similar activity. The parasitic, yet 
edible, mushroom can be divided into a brittle outer peel and more fibrous inner part. In fact, the hard 
outer layer is more amenable to nanosizing, resulting in better particles which, surprisingly, are more 
bioactive perhaps due to the presence of certain phytochemicals [106]. In comparison, the inner part is 
less active due to an apparent lack of active substances. 
Moreover, there appears little to no difference in activities of the whole plant of Cynomorium; 
whether nanosized or extracted, when compared with those from the outer layer. This can be explained 
in the context of synergistic bioactivity. In this regard, the active constituents present within the inner 
and outer layer can function together as efficiently as from the outer layer individually. Hence, 
nanosizing reduces the processing steps and the resulting waste, while increasing the quality and yield 
of the active product. 
Practical applications of these nanosuspensions, at the present time, will be futile and would 
definitely require further investigations into their stability, storage and, most compellingly, their mode(s) 
of action. Additionally, alternatives for the surfactant employed, i.e., in this study Plantacare, could be 
beneficial. Improvement on the methodology to stabilize the particles and thereby eliminate the need 
for further surfactant utility should also be considered. The simplicity of Nanosizing with the techniques 
available to produce sterile nanomaterials, which are stable for days and active against common human 
pathogens, nonetheless, clears the way for other biologically active nanomarterials, in particular where 
more aggressive synthetic drugs are not an option. It is worth highlighting again that plants, such as 
Cynomorium, represent a renewable source for the production of the nanosized material and their 
applications can include widespread ecological and economic benefits. 
 
3. Nanosizing for waste management and up-cycling 
 
The third part of this project evaluates the utility of employing insights gained from the first two 
parts to handle a variety of waste from the food industry, with the aim to beneficially process them 
entirely without any further residues. Although the study focuses on novel up-cycling possibilities for 
specific applications, further considerations are required to ensure that the nanomaterials obtained are 
readily useable and effective against certain pathogens. This notion and its implications in the 
agricultural and medicinal arena will now be discussed in detail. 
The waste materials, i.e., spend coffee ground, grape seeds, tomato stems and walnut shells were 
collected and approached with suitable Nanosizing techniques. This circumvented the requirement for 
any pre-processing of the material e.g., drying, cleaning or pressing. The microscopic images show a 
successive decrease in particle size and a successful conversion from bulky suspensions to fairly 
homogeneous nanosuspensions. Here, the grape seed samples were eventually the least size-reduced 
particles (≈400 nm), whereas that of the tomato stem reached around 200 nm. It is noteworthy that 
adequate techniques were employed to appropriately visualize these reductions in size. As the particle 
size went below the range of light microscopy, scanning electron microscopy was applied. Furthermore, 
the LD and PCS measurements already described were able to elucidate the particle characterization and 
particular size distribution. Interpretation of these measurements presented a remarkable result in the 
case of coffee samples. Being directly collected after brewing, these samples contained a high water 
content and were soft in texture. Still, the nanomaterial obtained by Nanosizing coffee was comparably 





difficulty reaching sizes below 400 nm. It is, however, perceivable as the sample was not defatted and, 
thereby maintained a high lipid content. This is in agreement with our previous finding for fibrous and 
juicy materials being problematic during the Nanosizing procedures. A similar pattern can be observed 
for the nanosized tomato stems, mainly consisting of particles with smaller size, the presence of fibrous 
content, however, rendered the nanomaterial more polydisperse. Once again, the brittle nature of the 
material and its chemical composition are essential predictors of the possible outcomes of the 
nanomaterial. The focus of the study, nonetheless, remains towards finding of applications rather than 
achieving perfect nanoparticles. Therefore, the nanosuspensions obtained were subjected to biological 
evaluations against common microbes. 
The nanosized coffee grounds demonstrates a growth promoting effect when tested against gram 
negative E. coli and Brewer’s yeast (S. cerevisiae). Coffee grounds are traditionally used in kitchen 
gardens as a fertilizer, meaning that this waste, and even after being brewed, still contains valuable 
constituents. Polyphenolic compounds, for instance, are mostly poor water soluble, and nanosizing 
would help improve their bioavailability. Promoting the growth of microorganism such as E. coli might 
not be the desired effect in certain instances, hence, other areas of application could be considered. One 
such arena is microbe-based fermentation, where bacteria and yeast cultures are utilized in waste 
management. Modern approaches of waste management such as vermicomposting and anaerobic 
digestion could also benefit in a similar fashion. 
Nanosized grape seed particles showed a somewhat different activity in biological systems. The 
presence of polyphenolic compounds in grape seed, similar to the coffee sample, have no toxic effect 
on E. coli. Both yeast candidates (S. cerevisiae and C. albicans), however, were affected in an inhibitory 
manner. Further investigations in the multicellular nematode model (S. feltiae) with more concentrated 
nanosuspensions resulted in statistically significant toxicity. In contrast to the previous studies with the 
entire mushroom (C. coccineum) and the plant parts (P. erinaceus and S. incanum), the concentrations 
of the nanosized grape seed suspension, which demonstrated a toxic effect, were particularly high. 
Moreover, the nature of compounds responsible for these activities is rather vague. The activities can be 
regarded either to the latent release of bioactive molecules from the nanomaterial, or to the physical 
interactions of the nanoparticles with the cellular structure based on their size, shape and charge leading 
to apoptosis. 
Another possible reason for these activities might lie in the interplay with the redox processes 
within the cells themselves. This was briefly investigated experimentally by determining the antioxidant 
capacity of the nanosized material in contrast to the bulk material. The assays suggested a noteworthy 
aspect of Nanosizing as it appeared to liberate the anti-oxidative potential still stored within waste 
materials. The tomato stems, for instance, showed a staggering increase in the antioxidant activity when 
compared to the bulk material. This surge in the activity seems to be associated with the particle size 
reduction of the particles, thereby increasing their specific surface area, which in turn influences their 
antioxidant activity. The impact of size reduction is not limited to tomato stems and appears to be a 
common feature among the samples tested. Furthermore, the increased antioxidant behaviour, stemming 
from size reduction, could also help explain the growth promoting effect of some nanosized material 
e.g., coffee grounds and grape seeds. 
Green walnut shells also exhibited enhancement in their dyeing properties after being nanosized. 
Due to their specific tannin content of green walnuts shells are used in the textile industry as a dyeing 
agent [107,108]. Nanosizing, infact, is a capable and competent approach to reveal and uncover the 







4. Nanosizing as part of the NaLyRe sequence 
 
The final study focused on achieving the long-term stability of nanosized materials. The 
empirical results were promising and, to some extent, concurred with their objective. They supported 
the notion that combining Nanosizing techniques with lyophilization leads to easily reconstitutable 
powders. The sequence of Nanosizing, Lyophilization and Resuspension (NaLyRe) was analysed by 
employing elemental chalcogens, which resulted in improved physical properties and more effective 
antimicrobial activities. The insights of the study will now be discussed in more detail. 
In contrast to our previous plant candidates, the refined chemical material was nanosized with 
comparable ease. A difference between the three chalcogens, i.e., sulfur, selenium and tellurium, 
nonetheless, could be observed. In this realm, sulfur could only be reduced to 760 nm due to its 
compacting ability to form soft cakes. Selenium, showed better amenability and thus, the average size 
was reduced to 210 nm. This trend continued with tellurium nanoparticles of around 170 nm. 
The findings of the study point out the advantages of employing the NaLyRe sequence as the 
products were soft, light-weight chalcogen nanomaterials. Moreover, they were easily and rapidly 
converted back into suspensions, ready to be tested in biological systems. Interestingly, the re-
suspensions maintained the physical characteristics, i.e., size, shape and charge of the original nanosized 
material. Here, the ZP experiments were critical as an indicator of colloidal stability. Unlike the 
nanomaterials from the previous studies, these lyophilized materials could be stored and transported 
conveniently. Therefore, NaLyRe diminished the need for precautions necessary with liquid samples 
against leakages and spills. This can be beneficial when looking for applications in the arenas of 
cosmetics, nutrition, agriculture or even medicine. 
Besides highlighting the substantial benefits of the NaLyRe sequence, the study also explored 
improving its formulation. In general, the choice of excipients plays an essential role in determining the 
functionality of any formulation. In this study, the approach was aimed at overcoming complications 
associated with freeze-drying. Without the use of cryoprotectants, the highly concentrated 
nanosuspension suffers from agglomeration and caking and also excessive mechanical stress due to ice 
formation destabilizing the suspensions entirely. During the initial experiments of the study, the NaLyRe 
sequence was investigated with various concentrations of the cryoprotectant Mannitol. Whilst a 5 % 
concentration of mannitol had little benefit, a 20 % concentration was eventually optimal to maintain 
the size of the nanosuspensions. Cryoprotectants, such as mannitol, in these concentrations formed 
effective matrices around nanoparticles, thereby isolating them from freezing and agglomeration. 
Mannitol as Cryoprotectant is not new and among others have formed part of previous studies 
involving nanoparticles [109]. Therefore, in consequent studies alternatives can be analysed. Trehalose, 
is one such alternative where the concentration needed for the cryoprotectant effect can be decreased. 
Still, Trehalose may interfere with the activities of the nanomaterial in biological systems and is more 
expensive when compared to mannitol [109]. Thus, it could be of value to search for excipients which 
can simultaneously function as stabilizers and as cyroprotectants. 
In general, the nanomaterials investigated, after the NaLyRe sequence, were effective against 
all the microorganisms and to varying degrees. Here, tellurium samples were not only able to achieve 
the smallest size, but were also highly toxic in biological systems. This could be especially intriguing 
for applications against topical infections (e.g., mucous, skin, nails, etc). Whilst tellurium salts may help 
re-sensitize resistant pathogenic strains, the nanomaterial may also have similar unwanted side effects 
upon humans [110,111]. Although such nanotoxicological concerns need specific investigations, still 
the slow release associated with nanoparticles could still be beneficial, for instance in the case of 





The concern for toxicity in practical applications is usually minimal in the case of selenium. In 
humans, selenium nanoparticles can be detoxified through various biological processes. This includes 
either the direct usage of the element or the release of Reactive Selenium Species (RSeS), such as 
selenides (H2Se), selenite (SeO32-) and selenate (SeO42-). In the current study, the resuspended selenium 
nanoparticles were particularly active against yeast cells where the growth of C. albicans was reduced 
by 40 %. This was rather appealing as some selenium containing shampoos are used for anti-fungal 
applications. In these personal care products selenium sulfide acts as sporicidal and thereby impedes 
further spread of the fungal infection [112,113]. The sulfur-selenium ring responsible for the activity in 
these shampoos is quite similar to the Se8 ring structures in the selenium nanoparticles [17,114,115]. 
The activities of the chalcogen nanoparticles provide interesting insights into their antimicrobial 
applications. In order to be ready for human applications, detailed investigations about the mode(s) of 
action need to be conducted. As discussed earlier, some answers to these questions may lay in the 
physical interactions of the particles with the cells or, in the case of chalcogens, in the specific surface 
interactions. Moreover, the release of chalcogen-based molecules (e.g. inorganic polysulfides Sx2-) could 
also be plausible. 
Taking the example of colloidal sulfur usage in the treatment of grapevines, the nanosuspensions 
with improved bioavailability and physical characteristics can similarly be useful in agriculture 
[116,117]. Sulfur along selenium, apart from being protective to plants against microbes, enrich the soil 
and promote healthy plant growth with enhanced nutritional value. These applications can utilize both, 







CONCLUSIONS AND OUTLOOK 
 
In essence, the entire project divided into the four included studies, gives a unique perspective 
of utilizing crude plant material to form readily usable nanoparticle-based delivery system in a few 
simple steps of Nanosizing. The techniques themselves do not pose any hindrance with regards to being 
modified and, when economically feasible, can be further fine-tuned to produce higher quality 
nanoparticles. By altering the physical characteristics into desired size, shape and charge, the release of 
active substances and the resulting biological outcome can both be controlled. 
A wide range of plant candidates or their individual parts can be considered in subsequent 
studies. Their selection can be based on regional availability, or potential utility, for instance in the fields 
of cosmetics and nutrition. Since the plant, P. erinaceus, has previously shown potential as anti-
inflammatory and anti-infective agent, its nanosuspension can be adopted against skin infections and 
dysentery by the local native community. Alternatively, applications in the agricultural sphere can be 
considered, where large amounts of these nanosuspensions can be employed with low risk of human 
toxicity. 
Future studies would not only need to focus on refining the physical or nanotechnological 
aspects of Nanosizing, but also the chemical and pharmacological parameters which govern the 
biological activity of the nanosuspensions as seen in this project. This may uncover the absorption, 
distribution, metabolism and excretion of the particles, and also the mode(s) of action underlying their 
activities and the nanotoxicological issues related to the fibrous nature of some of the particles. 
Waste management in a nutshell – quite literally in case of walnuts – becomes a realistic 
possibility, if one employs the Nanosizing techniques, Whilst the resulting nanosuspensions may not be 
as potent as some of the compounds on the market, there still remains potential in these valuable waste 
materials to be applied as natural anti-microbials, phytoprotectants, antioxidants or even as microbial 
growth promoters in large scale fermentation processes. This is rather intriguing as the Nanosizing 
approach, similar to anaerobic digestion and vericomposting, has the adequacy to process large 
quantities of waste material generated by the local food industries [94].  
Apart from rendering waste into value, the approach itself produces no waste. It is worth 
mentioning that the products obtained through some up-cycling procedures available in the market, such 
as coffee shampoos, involve extensive refinements and extractions involving organic solvents, 
ultimately leaving residual waste. In contrast, up-cycling through Nanosizing is more practically 
attractive as it contributes to an economical residue-free waste management. Beside reduced generation 
of waste, there are other environmental and economic benefits. Firstly, being side-products of food, 
large concentrations of the consequential nanosuspensions would probably not be toxic for human use. 
Secondly, since obtaining and processing large amounts of such food side-product is feasible, this will 
contribute to a cleaner environment. Therefore, waste management under the umbrella of Nanosizing is 
simpler and more robust. Eventually the nanosized waste could be promoted as high quality, green and 
natural fertilizer or pytoprotectant in agriculture or as natural antioxidant skincare product in the local 
pharmacy. 
Our preliminary study into waste management via the Nanosizing techniques has elucidated 
that there remains little difference between the biological activities of plants and their waste. For finding 
optimal applications, however, there still remains an urge to investigate the mechanisms and toxicity 
related to the nanosized material. From a more practical perspective, proper and cost-effective 
collection, storage and distribution of the house-hold and industrial food waste should be considered. 
This in turn could help developing countries or regions in optimizing their waste management. 
Furthermore, investigations to enhance the quality of nanomaterial produced, especially, in large scale 




production lines and prolonging their storage stability is of particular interest. In this regard, employing 
dry milling and lyophilization could provide nanosized material which is both easy to handle and to 
transport. 
In this project, we have tried to provide an answer to the question of long-term stability and 
the benefits of lyophilization. The consequent NaLyRe sequence was able to illustrate, in the chalcogen 
samples, that freeze-drying can be employed effectively to obtain nanosized materials in their solid 
form. These powders can be resuspended easily when needed and their resultant activities are similar to 
the ones of the original nanosuspensions.  
In future, nanotoxicolocial concerns may require further investigation. Here, favouring 
alternative cyroprotectants and surfactants, over mannitol and Plantacare respectively, would be of 
particular interest to assist future large scale production of such nanosized materials [109]. This, along 
with other studies could foster our understanding of the physical, biochemical and physiological aspects 
of employing such nanosized materials in different arenas. 
Against this background, the potential of the elemental chalcogens, can further be applied in 
practice with the assistance of nanotechnology. These elemental forms, without the additional load of 
organic groups, could be beneficial from a biological perspective, where less alterations of structural 
modification and conjugate formation exist. This is reflected by the recent interest in inorganic 
polysulfides, such as tetrasulfide (S42-), which illustrates the biological importance of employing 
singular chalcogen molecules [120,121]. 
In summary, the use of NaLyRe sequence with integrated Nanosizing techniques converts 
insoluble materials, whether from parts or as whole plants, and also waste material to be more 
conveniently and effectively converted into nanosized materials with potential applications in field of 
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